Abstract-In this paper, the design and the manufacture of an inkjet printed resistive type humidity sensor on paper are reported. After having been exposed to humidity above a given threshold level, the resistance of the sensor decreases substantially and remains at that level even when the humidity is reduced. It is possible to deduce the humidity level by monitoring the resistance. The main benefit of the printed sensor presented in this case is in relation to its very low production costs. It has also been shown that both the ink type and this paper combination used prove to be crucial in order to obtain the desired sensor effect. More research is required in order to fully understand the humidity sintering effect on the nano particle ink and the role of the substrate. However, the observed effect can be put to use in printed humidity sensors which possess a memory function. The sensor can be used in various applications for environmental monitoring, for example, in situations where a large number of inexpensive and disposable humidity sensors are required which are able to detect whether they have been subjected to high humidity. This could be the checking of transportation conditions of goods or monitoring humidity within buildings.
I. INTRODUCTION

I
N THIS work, an inkjet printed resistive humidity sensor manufactured on paper substrate is presented. The resistance in the sensors decreases with increasing humidity and will remain at the lowest value reached after drying. This memory effect is useful in applications where it is desirable to detect whether the humidity level at some point has exceeded a given threshold value, even if it is the case that the level has since decreased. This is useful in order to detect water damage during the transportation of goods or in buildings where a system that constantly monitors the humidity would prove to be too costly, but, where it could be sufficient to detect the damage when it is checked. From a system perspective, there are some likely scenarii in which such sensors could be used. In the first example, a large number of sensors would be mounted at stationary positions and portable readout systems from which the sensors could be checked at appropriate time intervals would determine whether any changes have occurred or not. In another likely scenario, the readout system is stationary and items with mounted sensors are checked as they pass by, such as would be the case at a goods' receiving station. The most convenient readout method would be to use some type of wireless readout such as to incorporate the sensors into Radio Frequency Identification (RFID) tags. In this case, the resistance change is detected by the RFID tag which is then triggered when the resistance falls below a set threshold value.
To date, many articles have described the possibilities and benefits of using RFID technology to monitor goods in the supply chain [1] - [3] . Also various solutions for adding sensor functionality to RFID tags such as temperature and humidity have been shown [4] - [7] .
The main benefit of the printed sensor presented in this case is in relation to its very low production costs which mean that a large number of sensors can be used together with a small number of portable readout systems. The memory function of this sensor means that it is very well suited to providing indications in relation to such described events but would not be suitable for continuously measuring humidity variations because it is not possible to reuse the sensor for lower humidity levels once it has been exposed to a higher level. Actually it is disposable and is meant to be used to detect a humidity change above a set threshold. The observed reduction of the resistance is related to sintering of the silver nanoparticles (NPs) in the ink in which the particles will start to fuse together and thus creating conductive paths. Usually, the sintering of NP inks is performed by heating, either in an oven or electrically [8] - [11] , although some results in relation to chemical sintering have been reported [12] , [13] . Also, VTT in Finland has shown that the nature of the substrate can facilitate room temperature sintering of printed structures using a similar ANP silver nano particle ink where they discuss the influence of the substrate on the sintering process [14] . The sensor is very cheap to produce as it requires only silver NP ink and photo paper. The simple design also makes it easy to manufacture the sensor directly in a production line by inserting an inkjet step or by integration at a later stage into various sensor systems if it is produced separately. Other types of humidity sensors previously presented include capacitive [15] and also flexible resistive sensors [16] .
II. EXPERIMENTAL PROCEDURE
The geometry of the sensor is a line with a width of approximately 40 μm and a length of 125 μm between the contact pads, an example is shown to the left in Fig. 1 . For particular readout systems the initial and final resistances might possibly be required to be lowered. In this case, multiple lines can be used in which the resistance of each line will be in parallel with the others, and thus reducing the total resistance to the desired value, see Fig. 1 to the right for a multiple line sensor. In this article all data shown are for the single line sensor type. The ink used to fabricate the sensors is the Silverjet DGP-40LT-15C manufactured by Advanced Nano Products (ANP) (S. Korea), with a solid content of about 40-45 wt% silver, a viscosity of about 16 cP and a curing temperature of 100-150°C according to the manufacturer [17] . The silver NPs have a diameter of approximately 30 nm according to SEM and AFM analysis and they are dispersed in Triethylene Glycol Monoethyl Ether.
NP inks are, in general, dispersions of particles in a solvent in which the particles are stabilized by one or more dispersants or by capping agents. The capping agents create an electrostatic and/or steric barrier which prevents the aggregation of the NPs. For the NPs used in this case Polyvinylpyrrolidone (PVP) is used as the capping agent, which is well known [18] and has been used previously in humidity sensors [19] . The presence of PVP in the ink which has been utilized in this work was established by pyrolysis GC/MS. These flocculation experiments of diluted ink showed that the ink is electrostatically stabilized. After printing, the NPs are still imbedded in an insulating polymer matrix of the order of 2-4 nm which impair electrical conductance [10, [20] [21] . Sintering is normally performed at elevated temperatures which will soften the polymer and thus allowing the particles to move. At sufficiently high temperatures the organic capping agent is combusted which thus allows for particle coalescence.
The printer used was a Dimatix 2831 piezoelectric materials printer, with a 10 pL Dimatix 11610 cartridge. The humidity experiments were performed in a controlled climate chamber with variable humidity levels at 23°C and the resistance was logged by a Keithley 2400 source meter which has an accuracy of ±0.08 % or better in the measured resistance ranges. The substrates used were the HP Advanced Photo Paper [22] and the Canon PT-101 photo paper [23] . As a reference, the same type of structures were printed using a Cabot (USA) type CCI-300 silver NP ink.
III. RESULTS
The combination of the ink and paper substrate is very important for the function of the sensor. For example, identical devices manufactured using Cabot silver ink do not show the humidity sintering effect, regardless of the substrate used. Devices manufactured using the ANP ink on the HP and Canon paper react in a very different manner when subjected to humidity. The initial results obtained from devices printed on the HP substrate and which displayed the useful sensor effect will be shown and following on from this will be the results obtained when printing on the Canon substrate. It has been observed that the initial resistance value affects how large the relative resistance decrease is when the sensors are subjected to humidity. The observed behavior appear to be that, in general, two sensors of the same geometrical dimensions subjected to the same amount of humidity will end up at the same resistance regardless of the initial resistance within quite a broad, 1k to 10M , initial resistance range.
This means that a sensor with a higher initial resistance value will show a larger resistance change. As an experiment, sensors with different initial values were subjected to 90 % Relative Humidity (RH) in 23°C for a period of 24 h. The resistance was measured before the sensors were placed in the climate chamber and after they had been removed and dried in 30% RH. The resulting relative resistance decrease for a number of sensors with initial resistance values from 5 to 20M is displayed in Fig. 2. In Fig. 3 is shown the absolute values of the initial and final resistances of the same sensors as shown in Fig. 2 . It can be observed that the final resistance is very consistent and varies only between 40-105 although the initial resistance is within the range 1k -10 M . For values below 1 k the final resistance slowly decreases until it reaches a value of 2 for an initial value The sensors had an initial resistance within the range 3-5k . As presented in Fig. 5 , the response is completely different when the device is printed on the Canon PT-101 photo paper. In both Fig. 4 and Fig. 5 the resistance was logged during a 24 h period. It can be seen that the resistance is consistently dropping with increasing humidity levels, by, at most a factor of 100 at 90 % RH, when using the HP paper. The resistance change also occurs at a much faster rate for higher humidity levels. The sensor was not measured for humidity levels below 30 % RH because the main targeted applications are aimed at detecting high humidity events. In addition when considering the small resistance changes measured at 30 % RH, even lower humidity levels would, in practice, not be detectable by the sensor.
In the case of the Canon paper, the resistance change observed does not show the same behavior as that for the HP paper. The resistance is observed to decrease or increase by about 10% for humidity levels up to 80 % RH. For 90 % RH the resistance increases by up to a factor 1.25 during a 3 h period after which it starts to decrease and after a 23 h period has decreased to a factor of 0.1 of the initial resistance. This shows that it is not only the ink but it is also the paper that has a strong effect on the humidity sintering, and is therefore crucial in order to obtain the desired sensor effect.
IV. DISCUSSION
Examining the measurements, it is clear that the paper substrate appears to have an important effect on the moisture sensitivity of the sensor. It is possible to discuss and point out some reasonable explanations, but at this stage it is not possible to definitely determine the mechanisms involved. However, the scope of this article is to point out the possibility of using this effect to manufacture a printable sensor rather than to provide a full explanation of the observed effect. The discussion regarding the moisture sintering effect will in this paper be focused on the PVP in the ink, the porosity of the paper coating and the chemical additives in the paper coating.
It has recently been presented that it is possible to chemically sinter silver-NPs by neutralizing the charges in the capping polymer to enable particle coalescence [12] . Another investigation has showed that the thickness of the capping agent had a larger impact on the sintering than the melting point of the NPs [24] . The selective removal of the dispersion agents with alcohols showed that silver NPs could be sintered at room temperature [21] . From the data presented in Fig. 4 for sensors printed on the HP paper, it appears likely that a threshold amount of moisture uptake is necessary in order to increase the conductance.
The threshold is in the humidity range in which PVP is known to soften, indicating that the moisture uptake of the PVP is important for the sintering. However, this does not explain the different results from the Canon paper because the moisture uptake by the PVP is related to the ink itself, and not to the paper.
The second parameter to consider is the porosity of the paper. During printing, the solvent and solutes are drained by capillary forces into the coating layer. It is likely that one portion of the PVP is bound to the particles but the excess can be pulled into the paper coating by the capillary forces and therefore, the pore structure will act as a guide to the amount of polymer which is retained in the ink layer.
However, porosity measurements conducted on the Canon and HP papers show no significant differences in porosity.
The exact chemical compositions of the coating layer in the papers used are not known but, it is well known that it is very common for different kinds of ions and charged complexes to be added in order to achieve the optimum printing quality.
When the moisture content in PVP is raised, the ability for ion transport is created within the polymer [25] and ions from the paper coating can be transported into the ink. Together with the moisture-containing PVP, this could reduce the electrostatic barrier. Thus, the chemistry of the paper is of importance for the sintering process.
More research is required to fully understand the humidity sintering effect on the NP ink and the role of the substrate, but the observed effect can be put to use in humidity sensors as have been presented.
V. CONCLUSION
Low cost printed resistive humidity sensors have been manufactured on paper and characterized. Suitable applications in relation to this are for example, situations in which a large number of inexpensive and disposable humidity sensors are required which are then able to detect whether they have been subjected to high humidity, such as would be the case in the checking of transportation conditions of goods or within buildings. The most efficient readout would be to integrate the sensors in a wireless readout system, such as RFID systems. It has been shown that the ink type and paper combination is crucial for obtaining the desired sensor effect. More research is required to fully understand the humidity sintering effect on the NP ink and the role of the substrate. However, the observed effect can be put to use in printed humidity sensors which have a memory function.
